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Abstract. NEAT1 is a highly and ubiquitously expressed long non-coding RNA (lncRNA) 19 
which serves as an important regulator of cellular stress response. However, the physiological 20 
role of NEAT1 in the central nervous system (CNS) is still poorly understood. In the current 21 
study, we addressed this by characterising the CNS function in the Neat1 knockout mouse 22 
model (Neat1-/- mice), using a combination of behavioural phenotyping, electrophysiology 23 
and expression analysis. RNAscope® in situ hybridisation revealed that in wild-type mice, 24 
Neat1 is expressed across the CNS regions, with high expression in glial cells and low 25 
expression in neurons. Loss of Neat1 in mice results in an inadequate reaction to 26 
physiological stress manifested as hyperlocomotion and panic escape response. In addition, 27 
Neat1-/- mice display deficits in social interaction and rhythmic patterns of activity but retain 28 
normal motor function and memory. Neat1-/- mice do not present with neuronal loss, overt 29 
neuroinflammation or gross synaptic dysfunction in the brain. However, cultured Neat1-/- 30 
neurons are characterised by hyperexcitability and dysregulated calcium homeostasis, and 31 
stress-induced neuronal activity is also augmented in Neat1-/- mice in vivo. Gene expression 32 
analysis showed that Neat1 may act as a weak positive regulator of multiple genes in the 33 
brain. Furthermore, loss of Neat1 affects alternative splicing of genes important for the CNS 34 
function and implicated in neurological diseases. Overall, our data suggest that Neat1 is 35 
involved in stress signaling in the brain and fine-tunes the CNS functions to enable adaptive 36 
behaviour in response to physiological stress.  37 
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Introduction 38 
Long noncoding RNAs (lncRNAs) are an arbitrary group comprising non-protein coding 39 
transcripts longer than 200 nucleotides. The majority of lncRNAs display tissue-, cell- and 40 
context-specific expression, and only few of them are ubiquitous and highly expressed. The 41 
prominent member of the latter group is Nuclear Paraspeckle Assembly Transcript 1 42 
(NEAT1), a nuclear-retained lncRNA with important roles in cellular (patho)physiology and 43 
one of the most intensely studied lncRNAs. NEAT1 contributes to various cellular processes, 44 
from regulation of transcription and chromatin active state to miRNA biogenesis (reviewed in 45 
Ref.1). NEAT1 locus produces two transcripts, NEAT1_1 and NEAT1_2. The longer NEAT1 46 
isoform, NEAT1_2, is essential for the assembly of nuclear bodies termed paraspeckles2, 3, 47 
whereas NEAT1_1, albeit also a paraspeckle component, is dispensable for their formation 48 
and likely plays various paraspeckle-independent roles4. NEAT1 expression is elevated in 49 
stressed cells5, such as those subjected to hypoxia6, viral infection7, heat shock8, 50 
mitochondrial stress9 or proteasome inhibition10. NEAT1 transcripts have been shown to 51 
regulate epigenetic marks on histones11, 12. Changes in NEAT1 levels is a recurrent theme in 52 
neoplasias, and the gene is a hotspot for mutations in several types of cancer1. 53 
According to the Genotype-Tissue Expression (GTEx) database, NEAT1 is expressed 54 
ubiquitously in the human body, including in the CNS (Supplementary Fig. S1). Despite 55 
NEAT1 expression in the CNS is lower than other organs and tissues, NEAT1 transcripts are 56 
induced under specific conditions, e.g. by augmented neuronal activity13, pointing to 57 
important regulatory roles of this lncRNA in the brain. Because levels of NEAT1_2 in the 58 
intact brain are almost negligible14, NEAT1_1 can be considered as the main functional 59 
NEAT1 transcript in the CNS tissue under basal conditions. NEAT1 is able to modulate 60 
neuronal excitability, where its acute downregulation renders neurons more excitable13. 61 
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Altered NEAT1 expression has been reported in all major neurodegenerative and psychiatric 62 
diseases, including frontotemporal dementia (FTD), Alzheimer's, Huntington's and 63 
Parkinson’s diseases, amyotrophic lateral sclerosis (ALS), epilepsy, traumatic brain injury 64 
and schizophrenia (reviewed in Ref.15). However, mechanisms of NEAT1 transcripts 65 
involvement in the neurological conditions are still poorly understood, primarily because our 66 
knowledge of their function(s) is the CNS is still scarce. We still lack a clear picture of what 67 
and how NEAT1 contributes to neuronal function, especially at the organismal level. 68 
Neat1 knockout mouse strain was generated in 2011 through disruption of the Neat1 69 
promoter sequences common for both Neat1 isoforms, and these mice appeared to be viable 70 
and superficially normal14. However, subsequent more detailed studies revealed hormone 71 
dysfunction and decreased fertility of Neat1 knockout females16, confirming an important 72 
role for Neat1 transcripts in specific physiological processes. Neat1 knockout mice do not 73 
present with an overt neurological phenotype, however, neuronal deficits in these mice may 74 
only manifest under certain conditions such as the physiological stress experienced during 75 
pregnancy. 76 
In the current study, we interrogated Neat1 function in the mammalian CNS using this mouse 77 
line. We show that loss of Neat1 perturbs normal behavioural responses of mice specifically 78 
under conditions of stress. This phenotype is not due to neuronal loss, neuroinflammation or 79 
gross changes in synaptic functions but rather can be attributed to altered neuronal 80 
excitability and changes in the alternative splicing of genes important for the CNS function. 81 
Our data suggest that Neat1 fine-tunes the CNS function under stressful conditions at the 82 
organismal level, which is consistent with the current view of NEAT1 as stress-responsive 83 
transcripts at the cellular level. 84 
 85 
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Materials and methods 86 
Mouse colonies and genotyping 87 
Generation of the Neat1-/- mouse strain has been described previously14. The strain was 88 
maintained on the C57Bl/6J genetic background by backcrossing with wild-type mice from 89 
Charles River, UK. Primers used for mouse genotyping by PCR were 5’-90 
CTAGTGGTGGGGAGGCAGT-3’ and 5’-AGCAGGGATAGCCTGGTCTT-3’. 91 
Homozygous (Neat1-/-) and wild-type (Neat1+/+) mice were obtained by intercrossing 92 
heterozygous (Neat1+/-) mice. Experimental animals were housed individually, at 12 h 93 
light/12 h dark cycle, with food and water supplied ad libitum. Before behavioural testing, the 94 
animals were placed in the testing room in their home cages for 1 h for habituation. All work 95 
on animals was carried out in accordance with the United Kingdom Animals (Scientific 96 
Procedures) Act (1986). 97 
Behavioural testing 98 
Locomotor activity. Spontaneous locomotor activity was assessed in the home-like cage 99 
(HC) equipped with infrared beams to monitor horizontal movements over a period of 36 h, 100 
under the 12 h light/12 h dark cycle. Number of beam breaks was recorded at 15-min 101 
intervals. The same level of illumination (as in the room used for normal housing (15-20 lux) 102 
was maintained during the day phase of the test. Locomotor activity under bright light 103 
conditions (600 lux) was recorded for 1 h using Ugo Basile 47420 multiple activity cage. 104 
Elevated plus maze test. The test was performed on a standard plus-shaped apparatus under 105 
bright light (400 lux). Each mouse was placed in the central square of the maze facing one of 106 
the open arms and was allowed to freely explore the maze for 5 min. Video recordings were 107 
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analysed to determine the duration and frequency of entries into open and closed arms, 108 
number of head dips and stretch-attend postures17, 18. 109 
Y-maze test. Working memory was assessed using a Y-maze apparatus with arms measuring 110 
40x6x20 cm (LxWxH). The test was conducted under dim light conditions (15-20 lux). 111 
Forced alternations were assessed in the two-trial test19, 20. Briefly, mice were initially 112 
allowed to explore two arms of maze for 5 min with the third arm blocked. After a 30 min 113 
inter-trial interval, the second trial was conducted, where mice were allowed to explore all 114 
three arms for 5 min. An arm entry was recorded when more than half of the mouse body 115 
crossed the border between two arms. Number of entries and time spent in each arm were 116 
registered.  117 
Resident-intruder test. To assess aggression and social interaction, the standard protocol of 118 
resident-intruder test was used21, 22. Animals were maintained without bedding changed for 1 119 
week before the task. The cage top was removed and the male intruder was placed in the cage 120 
for 5 min. Older and heavier C57Bl/6J males were used as intruders (single time for each 121 
animal). The number of attacks and total time spent in a physical interaction were recorded. 122 
Social odour test. Social odours were collected from a home cage where five C57Bl/6 adult 123 
male mice had been housed for 6 days without bedding change. The bottom of the cage was 124 
wiped with a cotton swab in a zig-zag pattern to collect social odour. Mice were left to 125 
habituate in a new cage in the presence of an unused cotton swab for 30 min prior to test. 126 
Subsequently, mice were exposed to a new cotton swab without odour, followed by a cotton 127 
swab with a social odour. The amount of time spent sniffing each swab over a period of 2 128 
min was recorded. 129 
Restraint stress. To induce cFos expression, mice were exposed to a 60 min restraint stress. 130 
Animals were closed into custom-made cylindrical polycarbonate tubes with ventilation holes 131 
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measuring 12.7 cm long and 3.8 cm in diameter, which allowed to significantly restrict their 132 
movements. Control animals were left undisturbed in their home cages in the same procedure 133 
room. After the restraint, mice were returned to their home cages for 60 min. Control and 134 
experimental mice were euthanised immediately after, and brain tissue was fixed for analysis 135 
as described below. 136 
RNA isolation and gene expression analysis in mouse tissue 137 
Whole cortices were carefully dissected from freshly removed brains on ice and thoroughly 138 
homogenised to ensure equal representation of cells from different cortex regions in the 139 
experimental samples. Total RNA was extracted using PureLink total RNA extraction kit 140 
(Life Technologies) and possible DNA contamination was removed using RNase free DNase 141 
kit (Qiagen). cDNA synthesis was performed on 500 ng of total RNA using SuperScript IV 142 
reverse transcriptase (Life Technologies) and random hexamer primers (Promega). 143 
Quantitative real-time PCR was run in triplicate on an StepOne™ real-time PCR instrument 144 
and data were analyzed using StepOne™ Software v2.0 (all Applied Biosystems, Life 145 
Technologies). Gapdh was used for normalisation. Primer seqeunces were as follows:  Neat1 146 
total 5’-TGGAGATTGAAGGCGCAAGT3’ and 5’-ACCACAGAAGAGGAAGCACG-3’;147 
 Neat1_2 5’-AACTACCAGCAATTCCGCCA-3’ and 5’-148 
GAGCTCGCCAGGTTTACAGT-3’; Malat1 5’-GAGCTCGCCAGGTTTACAGT-3’ and 5’- 149 
AACTACCAGCAATTCCGCCA-3’; Gapdh 5’-AAGAGGGATGCTGCCCTTAC-3’ and 5’-150 
TACGGCCAAATCCGTTCACA-3’; Gabrr2 5’- ACATCCAAGCCAAGCCATTTG-3’ and 151 
5’-CATGGTGAAGTCGTGGTCCT-3’; Gabra1 5’-TATGGACAGCCCTCCCAAGA-3’ and 152 
5’-TACACGCTCTCCCAAACCTG-3’; Gabra2 5’-ACAGATTCAAAGCCACTGGAGG-3’ 153 
and 5’-TCTTCTTGTTGCCAAAGCTG-3’; Rfk 5’-GGCCACATTGAGAATTTCCCC-3’ 154 
and 5’-GGTGGTGAGCATTGGATGGA-3’.  155 
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RNA sequencing and analysis 156 
Total RNA was prepared as described above and its quality examined using Agilent 4200 157 
TapeStation. RNA sequencing was performed at the School of Biosciences Genomics 158 
Research Hub. Libraries were prepared using the TruSeq stranded total kit (Illumina). For the 159 
main experiment (in 2-month old mice), paired-end sequencing was carried out on Illumina 160 
NextSeq500 (read length: 75 bp; coverage ~50 million reads/sample). For the additional 161 
experiment (low-coverage, in 1-month old mice) single-end sequencing was performed 162 
instead (read length: 75 bp; coverage ~25 million reads/sample). Reads were aligned to the 163 
mouse reference genome (GRCm38) using STAR23, and Fragments Per Kilobase of transcript 164 
per Million mapped reads (FPKM) values were obtained using DESeq224. Sequencing reads 165 
were viewed in the IGV browser25. Ensembl IDs for genes identified by DESeq2 were 166 
mapped to known genes and tested for GO term enrichment using DAVID 6.8 online tool 167 
(https://david.ncifcrf.gov/). Differential splicing events were identified using the Leafcutter 168 
pipeline26. GO term and pathway enrichment analysis of differentially spliced genes was 169 
performed using the Enrichr online tool (https://amp.pharm.mssm.edu/Enrichr/)27, 28. 170 
Western blotting 171 
SDS-PAGE loading buffer was added to homogenised samples, followed by denaturation at 172 
100ºC for 5 min. After SDS-PAGE using Mini-Protean® precast gels (Bio-Rad), proteins 173 
were transferred to PVDF or nitrocellulose membrane (GE Healthcare) by semi-dry blotting. 174 
Membranes were blocked in 4% milk in TBST, incubated in primary antibody at 4⁰C 175 
overnight and in HRP-conjugated secondary antibody (GE Healthcare) for 1.5 h at RT. For 176 
detection, WesternBright Sirius kit (Advansta) and Bio-Rad ChemiDoc™ Gel Imaging 177 
System were used. Equal loading was confirmed by re-probing membranes with an antibody 178 
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against beta-actin. Protein levels were quantified using the band analysis tool of  Image J 179 
software (https://imagej.nih.gov/ij/). 180 
RNA in situ hybridisation and immunohistochemistry in mouse tissue 181 
Whole mouse brains and spinal cord sections were fixed in 4% PFA overnight and embedded 182 
in paraffin wax. Eight µm thick sections were mounted on poly-L-lysine coated slides 183 
(ThermoScientific). For RNAscope® ISH analysis, Neat1_1 (440351), with the target region 184 
1416 – 2381 in mouse Neat1, and Neat1_2 (538761), with the target region 7378 – 8453, 185 
probes (Advanced Cell Diagnostics) were used according to manufacturer’s instructions. For 186 
Nissl staining, sections were incubated in 0.5% Cresyl Violet Acetate solution (C5042, 187 
Sigma) and differentiated in acidified ethanol. Immunohistochemistry with 3,3’-188 
diaminobenzidine (DAB) as a substrate was performed as described earlier 29. Images were 189 
taken using Leica DMRB microscope or Olympus BX40 slide scanner (x20 magnification). 190 
The images of sagittal sections for the same brain regions (1,000 ± 200 µm from the midline) 191 
for all animals were obtained. Quantification of neuron numbers was performed using the 3D 192 
Object Counter plugin of ImageJ using an equally sized region of interest (ROI) for the 193 
cortex zone incorporating all cortex layers. 194 
Primary antibodies 195 
Primary antibodies used for western blot and immunohistochemistry: GFAP (rabbit 196 
polyclonal, G9269, Sigma); Iba1 (rabbit monoclonal, ab178846, Abcam); PSD95 (DLG4) 197 
(rabbit polyclonal, 20665-1-AP, Proteintech), synaptophysin (mouse monoclonal, 611880, 198 
BD Biosciences); riboflavin kinase (rabbit polyclonal, 15813-1-AP, Proteintech); GAD67 199 
(rabbit polyclonal, 10408-1-AP, Proteintech); cFos (mouse monoclonal, 66590-1-Ig, 200 
Proteintech); beta-actin (mouse monoclonal A5441, Sigma). 201 
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Analysis of NEAT1_2 induction in stressed human ES cell derived neurons  202 
Motor neuron enriched cultures were obtained by chemically induced differentiation of H9 203 
human embryonic stem (hES) cells, as described previously30. Briefly, hES cells were 204 
maintained in mTESR-Plus media (Stemcell Technologies) on plates coated with Matrigel® 205 
(Corning). Cultures were tested negative for mycoplasma contamination using MycoAlertTM 206 
Mycoplasma Detection Kit, Lonza, cat # LT07-218) and determined to be negative. 207 
Confluent cultures were subjected to neuronal patterning in advanced DMEM/F12 (ADF) 208 
medium supplemented with SB431542 (10 µM, Abcam) from day 1; and purmorphamine (1 209 
µM, Cayman Chemicals) and retinoic acid (0.1 µM, Sigma) from day 4. On day 16, neural 210 
progenitors were dissociated using Accutase® and plated onto Matrigel® coated dishes and 211 
cultured in ADF with GlutaMAX, penicillin-streptomycin, B27 (12587-010), N2 (all Life 212 
Technologies) and BDNF (Miltenyi, 10 ng/ml). On day 23, neurons were re-plated using 213 
Accutase® on coverslips at desired density and maintained in 50/50 mixture of 214 
ADF/Neurobasal A with the above supplements until Day 36. Neurons were treated with 0.5 215 
mM or 0.05 mM NaAsO2 (Sigma), or 10 µM MG132 (Sigma). Recovery took place in fresh 216 
culturing medium. NEAT1_2 induction was analysed by RNA-FISH using a commercial 217 
probe (Stellaris®, Biosearch Technologies, human NEAT1 middle segment, SMF-2037-1) 218 
according to manufacturer’s protocol. Neurite network was visualised using anti-219 
neurofilament H immunostaining (rabbit polyclonal antibody, N4142, Sigma) as described 220 
elsewhere30. Nuclei were visualised with DAPI (Sigma). Fluorescent images were taken 221 
using BX57 fluorescent microscope equipped with ORCA-Flash 4.0 camera (Hamamatsu) 222 
and cellSens Dimension software (Olympus). RNA isolation and qRT-PCR analysis were 223 
performed as described above for mouse tissue, using the following human-specific primers: 224 
NEAT1 total: 5’- CTCACAGGCAGGGGAAATGT -3’ and 5’- 225 
AACACCCACACCCCAAACAA -3’; NEAT1_2: 5’- 226 
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TGTGTGTGTAAAAGAGAGAAGTTGTGG -3’ and 5’- 227 
AGAGGCTCAGAGAGGACTGTAACCTG -3’; GAPDH: 5’-TCGCCAGCCGAGCCA-3’ 228 
and 5’-GAGTTAAAAGCAGCCCTGGTG -3’. 229 
Primary mouse hippocampal cultures 230 
Primary cultures of mouse hippocampal neurons were prepared from P1 litters of wild-type 231 
and Neat1-/- mice as described previously31. Neurons were transfected with pEGFP-C1 232 
plasmid using Lipofectamine2000 (Life Technologies) and imaged 24 h post-transfection, 233 
using BX61 microscope equipped with F-View II camera and CellF software. Day in vitro 234 
(DIV) 7 neurons were used for analysis. Neurite analysis was performed using “Sholl 235 
Analysis” and “Simple Neurite Tracer” plugins of ImageJ. 236 
Electrophysiological recordings and analysis 237 
Patch-clamp recordings of membrane potential and transmembrane current were performed 238 
using conventional whole-cell configuration on DIV7 neurons isolated from Neat1+/+ and 239 
Neat1-/- mice and cultured in vitro32. Electrophysiological signals were recorded with 240 
Axopatch 200B amplifier interfaced to a computer running pClamp 9 using a Digidata 1322A 241 
A/D (Molecular Devices). All electrophysiological studies were performed at a controlled 242 
room temperature of 22 ± 0.5 °C. Recordings were digitised at 10 kHz and low-pass filtered 243 
at 2 Hz using an 8-pole Bessel filter. The standard bath solution (pH 7.4) contained: 135mM 244 
NaCl, 5mM KCl, 1.2 mM MgCl2, 1.25 mM CaCl2, 10 mM D-glucose, 5 mM HEPES. The 245 
standard pipette solution (pH 7.2) contained: 117 mM KCl, 10 mM NaCl, 11 mM HEPES, 2 246 
mM Na2-ATP, 2 mM Na-GTP, 1.2 mM Na2-phosphocreatine, 2 mM MgCl2, 1 mM CaCl2 247 
and 11 mM EGTA.  Mean resting membrane potential (Vm) of the neurons were determined 248 
during 120 s gap-free recording periods in current clamp mode (I = 0 pA). Spike analysis was 249 
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performed on the first iAP using Clampfit 9. Na+ currents were recorded using a standard 250 
voltage-step protocol, as described elsewhere33. 251 
Ca2+ imaging 252 
Imaging was performed using Olympus IX71 inverted microscope and fluorescence source 253 
(Xenon arc or LED), alongside with a rapid perfusion system. Neurons were loaded with 254 
Fura-2 AM (ThermoFisher, 4µM final concentration) in full media for 45 min under standard 255 
culturing conditions. Cells were transferred into basal recording solution for imaging (135 256 
mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES). Prior 257 
to KCl stimulation, basal recordings were taken for 60 s. KCl (60 mM) solution was injected 258 
at this point, and recording continued for further 300 s. ΔF/F0 was calculated as F(340 nm) / 259 
F(380 nm) and used to prepare the plot. 260 
Experimental Design 261 
To generate experimental cohorts, heterozygous mice (Neat+/-) on the C57Bl/6J background 262 
were used. After genotyping the progeny, animals were randomly assigned to the knockout 263 
(Neat1-/-) and wild-type control (Neat1+/+) groups. Equal or nearly equal numbers of males 264 
and females were used to generate experimental cohorts. All animals were labeled with ear 265 
tags and experimenters who conducted tests and analysed results were blinded to their group 266 
allocation. To minimise the between-tests interference, evaluation of anxiety-like behaviour 267 
was performed first followed by activity and memory tests. Assessment of social behaviour 268 
was conducted at the end of the test battery as the most stressful paradigm. The Y-maze test 269 
was conducted in a procedure room different from that where locomotor activity had been 270 
tested to exclude interaction with surrounding cues. The resting time between tests was at 271 
least 7 days and the order of tests was the same for all mice. 272 
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Statistical Analysis 273 
Statistical analysis was performed using GraphPad Prism 6 and STATISTICA 12 software. In 274 
all cases, results are presented as the mean ± SE, with individual data shown where 275 
appropriate, and n indicates the number of biological replicates. Homogeneity of variance 276 
was tested by Levene's test before ANOVA. Sample sizes were estimated based on the 277 
previous experience and calculation to achieve adequate power. Effect size was calculated 278 
using Cohen's d. Statistical details for each dataset are presented in the text and figure/table 279 
legends. 280 
Results 281 
Predominantly non-neuronal expression of Neat1 in the murine CNS 282 
Neat1 levels in the murine organs and tissues, as studied by RNA in situ hybridisation, vary 283 
significantly, with high levels in the digestive tract, medium – in lung and kidney, and low – 284 
in skeletal muscle and brain14. However, the distribution of Neat1 within anatomical 285 
structures in the brain and its relative expression in different cell types in the CNS are still 286 
largely unknown. To address this, we used RNAscope® ISH with 5’ end specific Neat1 287 
probe in the sagittal brain sections as well as in the spinal cord of adult (2-month old) wild-288 
type (Neat1+/+) mice. As a negative control, we included brain sections from Neat1 knockout 289 
(Neat1-/-) mice. This analysis revealed the expression of Neat1 throughout the brain and 290 
spinal cord (Fig. 1a). Region-wise, the highest Neat1 level was detected in corpus callosum, 291 
fornix and glia limitans, which are the brain structures mainly composed of glial cells. In 292 
neuron-dense areas, such as hippocampus and granule cell layer of the cerebellum, Neat1 was 293 
much less abundant and present in a dotted pattern (Fig. 1a, insets - hip and cer, respectively). 294 
In contrast, in many non-neuronal cells, the entire nucleus was darkly stained, as was 295 
especially obvious in the corpus callosum (Fig. 1a, inset – cc). Neat1 ISH also resulted in the 296 
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staining of the cytoplasmic perinuclear region in a population of cells expressing highest 297 
Neat1 levels, which was attributed to a staining artefact (Fig. 1a, cc - arrowheads). In Neat1-/- 298 
mice, only traces of Neat1 were detected in all anatomical brain regions except the 299 
cerebellum, where Neat1 signal was readily detectable in the granule cell layer (Fig. 1b). 300 
Similar to the brain, Neat1 signal was evenly distributed throughout the spinal cord of 301 
Neat1+/+ mice (Fig. 1c). To identify types of cells expressing Neat1, we used counterstaining 302 
of brain and spinal cord sections with Cresyl Violet (Nissl stain) after the RNAscope® ISH. 303 
Neat1 signal was observed in virtually all cell nuclei, with weak signal (few dots per cell) in 304 
cells with lightly stained nuclei which were identified as neuronal (Fig. 1d), and strong signal 305 
in smaller nuclei often adjacent to neurons and corresponding to satellite cells – usually 306 
astrocytes and oligodendrocytes34 (Fig. 1d, arrowheads and inset). Of note, we were unable to 307 
achieve the typical Nissl staining pattern (i.e. staining of both nuclei and cytoplasm of 308 
neurons) after RNAscope® ISH, which could be due to the ISH processing protocol. 309 
Therefore, Neat1 is expressed throughout the mammalian CNS, predominantly in glial cells 310 
(astrocytes and oligodendrocytes), and is present at low levels in neurons. 311 
 312 
Neat1 knockout mice demonstrate abnormal behavioural response to stress 313 
Consistent with the original study35, Neat1-/- mice showed no obvious deficits in general 314 
health, physical characteristics, or basic sensorimotor functions compared to their wild-type 315 
(Neat1+/+) littermates, except for reduced body weight (Fig. 2a). However, we noticed that, 316 
despite normal behaviour while being observed in the cage without intervention, Neat1-/- 317 
mice exhibited a panic-like escape response and hyperlocomotion (excessive running and 318 
jumping) upon contact with an experimenter, e.g. handling or cage changes (Supplementary 319 
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Video S1). This phenotype gradually developed after weaning, and was apparent in 2-month 320 
old animals. We generated experimental groups of littermate Neat1-/- and Neat1+/+ (n=9 and 321 
11, respectively), that included both male and female mice, for behavioural analysis. Of note, 322 
the mouse strain used35 retains residual Neat1 expression, as has been shown in the original 323 
study and in our studies using RNA in situ hybridisation (Fig. 1) and RNA expression 324 
analysis (see below). However, to avoid ambiguity, we followed the original terminology for 325 
this mouse line and referred to these mice as “knockout” or “Neat1-/-” animals. 326 
During the period spanning from the age of 3 to 7 months, the above experimental cohorts 327 
were assessed using a panel of behavioral tests. First, we attempted to examine motor 328 
function in these cohorts using rotarod, however it was not possible due to multiple escape 329 
attempts of Neat1-/- mice after placing them on the apparatus. To assess the anxiety levels, we 330 
carried out the elevated plus maze (EPM) test. Neat1-/- mice presented with decreased 331 
anxiety-like behaviour in this test, as evidenced by a significantly higher number of entries to 332 
and increased time spent in open arms (Fig. 2b,c). However, an increase in the above 333 
readouts could be also interpreted as a behavioral phenotype of impulsivity36, 37 and/or high 334 
escape motivation38, 39. Consistent with the latter interpretation, the number of head dips from 335 
the open arm towards the floor was significantly increased, whilst the number of stretch-336 
attend postures, when the rodent remains motionless with its body stretched forward, was 337 
decreased for Neat1-/- mice (Fig. 2d,e). This is indicative of escape attempts and inadequate 338 
risk assessment37, 40. There was no difference in the overall locomotor activity between the 339 
genotypes measured as the total number of arm entries (Fig. 2f), suggesting normal motor 340 
function in Neat1-/- mice.  341 
To analyse the locomotor activity of Neat1-/- mice under conditions of normal housing, we 342 
recorded their ambulatory activity for 24 h in the home cage (HC) test. Neat1-/- mice were 343 
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overall hypoactive, with significantly reduced total activity during the test, as compared to 344 
Neat+/+ mice (Fig. 2g,h). Decreased locomotor activity in the absence of motor impairment 345 
could be interpreted as depression-like behaviour. Surprisingly, Neat1-/- mice displayed 346 
dramatically reduced activity, as compared to Neat+/+ mice, in the first two hours of the test, 347 
i.e. when the animals encountered novel conditions, suggestive of increased anxiety. We were 348 
initially puzzled by the discrepancies between locomotor activity and anxiety levels in Neat1-349 
/- mice recorded in HC and EPM tests. However, there is one important difference between 350 
the two tests which is the brightness of light. HC test is conducted at 30-40 lux (during the 351 
day phase), which is comparable to the light intensity under normal housing conditions. In 352 
contrast, EPM test is carried out under the bright light conditions (~400 lux). Thus in the 353 
EPM test, the mice were subjected to strong aversive stimulation – a combination of novelty 354 
and bright light, which could be the reason for abnormal behaviour of Neat1-/- mice. To test 355 
this directly, we measured locomotor activity under bright light conditions (600 lux) for 1 h 356 
in the activity cage apparatus. Neat1-/- mice were indeed hyperactive under these conditions 357 
(Fig. 2i). Therefore, in the absence of strong stress, Neat1-/- mice demonstrate decreased or 358 
similar (after habituation to novelty) level of locomotor activity to that of Neat+/+ mice. 359 
However, a strong stressful stimulus, such as bright light, is sufficient to induce 360 
hyperactivity, impulsive reactions and possibly increased anxiety in Neat1-/- mice. Therefore, 361 
strong aversive stimulation converts the behavior of Neat1-/- mice from hypoactive to 362 
hyperactive. To rule out possible memory deficits which could affect EPM test performance, 363 
we examined working memory using Y-maze forced alternation task. This test did not reveal 364 
any differences between the genotypes (Fig. 2j and not shown). 365 
To assess social behaviour of Neat1-/- mice, we used Resident-Intruder test. In this test, 366 
Neat1+/+ mice demonstrated normal level of territorial defence behaviour, including 367 
moderately aggressive acts, such as lateral threats, chase and clinch attacks. In contrast, 368 
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Neat1-/- mice showed nearly complete absence of aggression (Fig. 2k). In addition, Neat1-/- 369 
mice had decreased physical interactions with the intruder (Fig. 2l). Altered social behaviour 370 
was further confirmed in the Social Odour test, where Neat1-/- mice showed less interest in a 371 
social odour as compared to Neat+/+ mice (Fig. 2m).  372 
We next asked whether the phenotype in Neat1-/- mice would change during aging. Two key 373 
tests, EPM and HC, were performed in a group of 18-month old mice (novel cohorts of 374 
animals not subjected to behavioral testing before). In the EPM test, aged Neat1-/- mice 375 
showed behavioural patterns similar to the young animals, in that they also displayed 376 
preference for open arms and had increased number of head dips (Supplementary Fig. S2a-d). 377 
Interestingly, Neat1-/- mice were also hyperactive in this test, as indicated by increased total 378 
number of entries (Supplementary Fig. S2e). In the HC test, Neat1-/- mice demonstrated 379 
reduced activity in the first 4 h (statistical significance reached for the first hour), however 380 
their total activity was similar to that of Neat+/+ mice (Supplementary Fig. S2f,g). We also 381 
noticed an abnormal pattern of rhythmic fluctuations of activity in old Neat1-/- mice in this 382 
test: peaks of activity for Neat1-/- mice were often in the reverse phase to those of Neat1+/+ 383 
animals (Supplementary Fig. S2f). Young Neat1-/- mice also demonstrated smoothened 384 
rhythmic activity pattern after habituation (from 8 h onward), lacking bursts of activity 385 
alternating with quiet periods typical for Neat+/+ mice (Fig. 2g). 386 
To summarise, Neat1-/- mice display a distinct behavioural phenotype manifested in stress-387 
induced hyperlocomotion, decreased anxiety, disinhibition, altered daily rhythms of activity 388 
and impaired sociability, without concomitant working memory or motor deficits, and this 389 
phenotype is largely preserved during aging. 390 
 391 
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Neat1 knockout mice do not present with neuronal loss, neuroinflammation or synaptic 392 
pathology 393 
We next sought to understand the mechanisms underlying the observed behavioural 394 
phenotype in Neat1-/- mice. In the original study, Neat1 transcripts were not detected in E9.5 395 
mouse embryos14. Similarly, using RNAScope® ISH, almost zero Neat1 expression was 396 
observed in the brain of E12.5 mouse embryos (Supplementary Fig. S3). This suggested that 397 
behavioural deficits in Neat1-/- mice are unlikely to be caused by developmental defects. 398 
Analysis of the gross morphology of the brain of adult Neat1-/- and Neat1+/+ mice using Nissl 399 
staining and NeuN immunohistochemistry did not reveal differences between the genotypes 400 
(Fig. 3a,b). Neuronal numbers in Neat1-/- mice were normal at least in the frontal cortex, 401 
consistent with the absence of overt neurological symptoms (Fig. 3c). However, we detected 402 
a small but significant decrease in the brain weight of Neat1-/- mice (Fig. 3d), which was in 403 
line with their reduced body weight (Fig. 2a). 404 
We next examined levels of several markers commonly altered in models of neurological 405 
diseases. Neuroinflammation is typical for many neurological conditions, and Neat1 itself has 406 
been implicated in immune response7, 41, 42. However immunohistochemistry and western 407 
blotting did not reveal any signs of astrogliosis or microgliosis in the brain of Neat1-/- mice 408 
(Fig. 3e,f). Synapse dysfunction is a major determinant of many neurological diseases. 409 
However distribution and levels of the two critical synaptic proteins, synaptophysin and 410 
PSD95 (encoded by Dlg4 gene) in the brain of Neat1-/- mice appeared normal (Fig. 3g,h). 411 
Therefore, behavioural deficits in Neat1-/- mice cannot be explained by neuronal loss, 412 
neuroinflammatory phenotype or gross synaptic dysfunction. 413 
 414 
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Neat -/- neurons have altered calcium homeostasis and are hyperexcitable in vitro and in 415 
vivo  416 
We speculated that abnormal behavioural responses of Neat1-/- mice may be determined by 417 
intrinsic changes in neurons, e.g. their altered excitability. It has been shown previously that 418 
human iPSC-derived neurons become hyperexcitable after acute downregulation of 419 
NEAT113. We prepared and analysed primary cultures of the hippocampal neurons from 420 
newborn Neat1+/+ and Neat1-/- mice. Morphological analysis of neurons transiently 421 
transfected to express GFP did not reveal significant differences in the neurite outgrowth and 422 
branching between the genotypes (Fig. 4a). To assess excitability properties of these neurons, 423 
including transmembrane currents and the ability to generate induced action potentials 424 
(iAPs), we employed patch-clamp whole-cell electrophysiology. In current-clamp studies, 425 
50% of Neat1-/- neurons demonstrated spontaneous action potentials, whereas in the Neat1+/+ 426 
group, only 36% neurons were spontaneously active (Supplementary Table S1). All 427 
examined Neat1-/- neurons displayed repetitive induced action potentials (iAPs “trains”) vs. 428 
only 40% of the neurons from the Neat1+/+ group (Fig. 4b,c; Supplementary Table S2). 429 
Another evidence of augmented activity of Neat1-/- neurons was that they demonstrated 430 
significantly higher frequency of train iAPs compared to Neat1+/+ neurons (Fig. 4d). 431 
Interestingly, while having similar values of the resting membrane potential, Neat1-/- neurons 432 
had significantly faster depolarisation and repolarisation rates (103.1 ± 18.4 V/s and -71.6 433 
±14.1 V/s vs. 61.6 ± 9.6 V/s and -37.9 ± 8.1 V/s for Neat1-/- and Neat1+/+ neurons, 434 
respectively; p < 0.05). 435 
To understand the basis of the enhanced excitability of Neat1-/- neurons, transmembrane 436 
voltage-gated Na+ and K+ currents were measured using voltage-clamp mode. Neat1-/- 437 
neurons had increased densities for both inward and outward transmembrane currents with 438 
significant difference from Neat1+/+ neurons for Na+ (p < 0.05) but not for K+ voltage-gated 439 
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currents (Supplementary Fig. S4a,b; Supplementary Table S3). Activation/inactivation 440 
profiles of the voltage-activated Na+ currents for Neat1-/- neurons exhibited larger availability 441 
windows with high G/Gmax maxima and twice as much difference between mean half-442 
activation and half-inhibition voltages (Va50 - Vi50) 5.0 ± 1.0 mV vs. the Neat1+/+  group 2.9 443 
± 1.1 mV. Vm values of both Neat1-/- and Neat1+/+ neurons were falling within those 444 
windows however the proportion of spontaneously active neurons was higher in the Neat1-/- 445 
group (Supplementary Fig. S4c,d; Supplementary Table S1). The above data suggest that 446 
increased excitability of Neat1-/- neurons is determined by the increased transmembrane ion 447 
conductances particularly through Na+ voltage-gated channels, which are responsible for the 448 
ascending phase of neuronal action potentials. 449 
To explore how the changes in excitability of the Neat1-/- neurons correspond to the 450 
regulation of calcium (Ca2+) homeostasis, we performed Ca2+ imaging experiments using 451 
ratiometric Fura-2 AM dye to examine the changes of the intracellular Ca2+ induced by KCl. 452 
Although Ca2+ responses upon KCl (60 mM) application in the neurons of both genotypes 453 
were similar, we found that Neat1-/- neurons have significantly lower (p<0.0001) basal levels 454 
of Ca2+ (Fig. 4e). 455 
We next sought to confirm the increased activity of Neat1-/- neurons in vivo. The immediate 456 
early gene cFos is the most well-known molecular marker of neuronal activity43. Expression 457 
of this gene can be experimentally induced in the rodent brain in vivo by certain stresses such 458 
as immobilisation (restraint stress)44. We subjected Neat1-/- and Neat1+/+ mice to 60 min 459 
restraint stress followed by 60 min recovery and subsequently analysed cFos protein 460 
expression in the brain of these mice by immunohistochemistry. We found that the number of 461 
cFos-positive cells in the cortex of stressed Neat1-/- mice was significantly higher as 462 
compared to stressed Neat+/+ mice (Fig. 4f,g). 463 
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Overall, our data indicate that Neat1-/- neurons are intrinsically hyperexcitable and have 464 
deficiencies in calcium homeostasis, which can result in abnormal gene expression responses 465 
in vivo.  466 
NEAT1_2 induction in neurons is a late event during stress  467 
The mouse strain used in this study lacks the expression of both Neat1 isoforms, the 468 
constitutively expressed Neat1_1 and the inducible Neat1_2. So far, only one type of stress, 469 
pharmacologically-induced seizures, is known to induce de novo Neat1_2 synthesis in the 470 
brain45. However, whereas Neat1_1 upregulation was an early event in the above study (1 h 471 
post-stress), Neat1_2 induction/expression was delayed, and its peak occurred 8 h post-stress, 472 
with its levels still high 24 h post-stress. We asked whether the behaviour phenotype of 473 
Neat1-/- mice and the phenotypes detected in cultured neurons derived from these mice may 474 
be attributed to the loss of Neat1_2 induction. Firstly, we performed RNAScope® ISH on the 475 
brain of wild-type mice after restraint stress (60 min stress/60 min recovery), using a Neat1_2 476 
specific ISH probe, but did not detect any Neat1_2 signal (data not shown). Since we were 477 
unable to induce Neat1_2 expression in wild-type mouse primary neurons with any known 478 
stressors, we used a recently established stress paradigm5 in human embryonic stem (ES) cell 479 
derived neuronal cultures. Day 36 neurons were subjected to an acute oxidative stress using 480 
NaAsO2 (sodium arsenite) for 1 h and left to recover for 1-48 h, or were subjected to 10-fold 481 
lower NaAsO2 concentration for 24 h, and NEAT1_2 expression was examined by RNA-482 
FISH. Human ES cell derived neurons did not have detectable NEAT1_2 expression under 483 
basal conditions, immediately after stress and early during recovery (Fig. 5a). NEAT1_2 484 
signal started to appear after 6 h of recovery, with a peak at 24 h of recovery, and was still 485 
detectable after 48 h of recovery (Fig 5a). NEAT1_2 induction was also confirmed by qRT-486 
PCR (Fig. 5b). Prolonged treatment with low NaAsO2 concentration was not as efficient in 487 
NEAT1_2 induction (Fig. 5a). Another stressor known to robustly trigger NEAT1_2 488 
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expression in stable cell lines, a proteasome inhibitor MG13210, also induced NEAT1_2 489 
expression, albeit to a lesser extent than NaAsO2 (Fig. 5a).  490 
These in vitro data suggest that expression of NEAT1_2 is a late event during stress and that 491 
induction of Neat1_2 expression is unlikely to mediate the phenotypes detected in cultured 492 
mouse Neat1-/- neurons and behaviour responses in Neat1-/- mice. 493 
  494 
Loss of Neat1 perturbs local chromosomal environment and leads to subtle 495 
downregulation of multiple genes in the brain 496 
Absence of detectable changes in the core CNS function-related markers (Fig. 3) suggested 497 
the existence of more subtle molecular changes that result in abnormal neuronal excitability 498 
and altered behavioural responses in Neat1-/- mice. In order to identify possible changes of 499 
the gene expression profiles in the CNS of Neat1-/- mice, we performed transcriptomic 500 
analysis of cortical tissue. Total RNA (RIN 8.7-9.2) from the whole cortices of 2-month old 501 
animals (four per genotype) was used. Prior to sequencing, Neat1 levels in these samples 502 
were measured by qRT-PCR. In the original study, total Neat1 (Neat1_1+Neat1_2) levels in 503 
mouse embryonic fibroblasts were found to be decreased to 6.0 ± 0.5%, whereas Neat1_2 504 
was undetectable 14. In the cortex of adult mice, total Neat1 was found to be decreased to 18.9 505 
± 0.02%, and Neat1_2 – to 8.2 ± 0.01% (Fig. 6a), probably reflecting tissue- and 506 
developmental stage-specific differences in the efficiency of Neat1 silencing. Using Illumina 507 
NextSeq500 platform and paired-end sequencing, we obtained ~50 million reads per sample. 508 
One of the Neat+/+ samples showed abnormally low Neat1 expression and was identified as 509 
an outlier in the principal component analysis leading to its exclusion from the differential 510 
gene expression analysis. Examination of RNA-Seq peaks revealed that Neat1_1 is the main 511 
transcript expressed in the cortex, while Neat1_2 levels are very low in this tissue, consistent 512 
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with previous reports14, 45. In accord with qRT-PCR data, RNA-Seq analysis detected 513 
significantly reduced yet still detectable levels of Neat1 in the cortex of Neat1-/- mice (Fig. 514 
6b,c). 515 
Differential gene expression analysis showed very subtle changes in the gene expression in 516 
Neat1-/- mice, consistent with the lack of overt neurological deficiencies in these mice. Only 517 
14 genes were found to be significantly changed (adjusted p-value, padj<0.05), including ten 518 
genes with known function (Cd6, Neat1, Rprm, Col62a, Prune2, Frmd8, Eps8l1, Crip2, 519 
Carnmt1, Snhg1, Supplementary Table S4). We next used the list of genes with at least 1.5-520 
fold change in their expression (non-adjusted p-value<0.01), which was met by 289 genes, to 521 
assess gross gene expression changes. Overwhelmingly more genes from this list were found 522 
to be downregulated (260: 89.3%) than upregulated (29: 10.7%) (Fig. 6d,e), indicating that 523 
Neat1 positively regulates gene expression of a large subset of genes. Puzzled by this finding, 524 
we additionally performed a low coverage RNA-Seq analysis of another cohort of Neat1-/- 525 
and Neat1+/+ animals (aged 1 month). Similar to the 2-month old mice, changes in the gene 526 
expression were very subtle, however, the vast majority (85%) of differentially expressed 527 
genes (DEGs: >1.5 fold change, p-value<0.05) were also found to be downregulated. In this 528 
latter mouse cohort, only four genes showed significantly altered expression (padj <0.05), 529 
namely Neat1, Frmd8, Carnmt1 and Malat1. We compared the lists of genes whose 530 
expression was changed >1.5 fold in the cohorts of 1-month old mice (cut-off p-value <0.05, 531 
n=474) and 2-month old mice (cut-off p-value <0.01, n=289). Altogether, 29 genes, 18 of 532 
which are genes with known function, were found to appear in both groups, including 533 
previously identified genes with robust changes - Neat1, Frmd8 and Cd6 (Fig. 6f). Positional 534 
analysis for these genes showed that half of them (9/18) are located on chromosome 19, and 535 
some of them – in close vicinity to the Neat1 locus (Frmd8, Ltbp1, Pola2, Fau) (Fig. 6f). 536 
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However, expression of other genes surrounding the Neat1 locus (Scyl1, Slc25a45, Tigd3, 537 
Dpf2, and Cdc42ep2) was not altered. 538 
We next performed enrichment analysis on the set of genes with at least 1.5 fold change in 539 
their expression (p-value <0.01) for 2-month old mice. Out of these 289 mouse Ensembl gene 540 
IDs, 60 could be mapped to known genes using DAVID 6.8 tool. Small enrichment in anion 541 
transport genes (GO:0006820, p=0.00678: Gabrr2, Anxa1, Kcnj10, Slc2a2 and Slc22a12) 542 
was identified, of which one gene, Gabrr2, attracted our attention. Stress-induced impulsive 543 
behaviours in animals may be suggestive of abnormal inhibitory neurotransmission, which is 544 
mediated by GABA receptors. We therefore examined the expression of Gabrr2 and two 545 
major GABA receptor subunit genes, Gabra1 and Gabra2 by qRT-PCR. Although Gabrr2 546 
mRNA was indeed confirmed to be downregulated, Gabra1 and Gabra2 expression was 547 
unaltered (Supplementary Fig. S5a). Further, numbers and distribution of inhibitory Gad67-548 
positive interneurons in the brain as well as levels of Gad67 in the cortex were not changed in 549 
Neat1-/- mice (Supplementary Fig. S5b,c). Thus we concluded that GABAergic inhibitory 550 
transmission is unlikely to be significantly affected in Neat1-/- mice. 551 
One gene found to be significantly changed (padj<0.05) in 1-month Neat1-/- mice was 552 
Malat1. Malat1 is a conserved lncRNA transcribed from a locus adjacent to Neat1 and highly 553 
expressed in the brain46. Malat1 null mice have also been reported to have upregulated 554 
expression of several genes in close vicinity to the Malat1 locus, including Neat1 and Frmd8, 555 
in the liver and brain46. However, another Malat1 knockout mouse strain displayed decreased 556 
Neat1 expression in a subset of tissues, although brain was not examined47. Our RNA-Seq 557 
analysis showed Malat1 downregulation in Neat1-/- mice, in both age groups analysed, and 558 
this result was confirmed by qRT-PCR (Fig. 6g). 559 
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Another gene found significantly upregulated in both 1- and 2-month old Neat1-/- mice 560 
encodes riboflavin kinase (Rfk) enzyme. Intriguingly, human riboflavin kinase has been 561 
recently linked to neurological diseases48 and regulation of circadian rhythms49. We 562 
confirmed that Rfk mRNA is ~2 fold upregulated in the cortex and midbrain of Neat1-/- mice 563 
by qRT-PCR (Fig. 6h). Consistent with this, Rfk protein levels were higher in the cortex of 564 
Neat1-/- mice, as analysed by western blot (Fig. 6i). Immunohistochemical analysis revealed 565 
exclusively neuronal Rfk expression, and Rfk upregulation was also evident in the brain 566 
sections of Neat1-/- mice (Fig. 6j). 567 
In sum, Neat1 acts as a weak positive modulator of gene expression in the brain, whilst its 568 
loss impacts on the transcription of a small pool of genes in the vicinity of the Neat1 locus. 569 
 570 
Loss of Neat1 affects alternative splicing of genes involved in neuronal homeostasis 571 
RNA-Seq datasets for Neat1-/- and Neat1+/+ mice were further used to analyse possible 572 
changes in the alternative splicing in the brain of Neat1-/- mice. For that, a recently developed 573 
pipeline, LeafCutter26, was utilised. Altogether, 14 differentially spliced genes were identified 574 
in Neat1-/- mice using a < 20% FDR threshold (Fig. 7a,b and Supplementary Table S5). All 575 
these genes are highly expressed in the brain and two of them – almost exclusively in the 576 
brain (Myt1l, Rgs7). Most of these genes are also important for the CNS function, including 577 
those with roles in neuron proliferation, differentiation, cell-cell interaction, intraneuronal 578 
transport, synaptogenesis, primary axonogenesis, and axon guidance (Dlg1, Myt1l, Ptprs, 579 
Dctn2, Rgs7). Further, some genes are genetically linked to psychiatric disorders such as 580 
schizophrenia (Dlg1, Myt1l)50, 51, autism spectrum disorder (Myt1l)52, 53 and panic disorder 581 
(Rgs7)54. Other genes from this list are linked to various types of cancer (Pnck, Calu, Vav2, 582 
Kif3a, Adgrf5, N4bp2l2). 583 
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For the enrichment/pathway analysis we used a p-value cut-off of <0.05 which was met by 584 
671 genes (Supplementary Table S5). The use of a relaxed cut-off (p-value instead of padj) in 585 
this case was possible because only truly positives are expected to cluster in functional 586 
categories whereas false positives should be functionally unrelated55. Analysis of GO 587 
Biological process enriched terms using Enrichr revealed that a significant number of 588 
differentially spliced genes were involved in axonogenesis, protein localisation to synapse 589 
and dendritic morphogenesis, including genes critical for neuronal homeostasis and 590 
implicated in neurological diseases, e.g. Shank1, Bdnf, Map2, Dlg4, Nrxn1, Nrxn2 and 591 
Ncam1 (Fig. 7c). Another enriched category was RNA processing, including genes encoding 592 
abundant RNA-binding proteins Cpsf6, Hnrnpk, Hnrnph1, Hnrnpa2b1, Hnrnpd, Srsf5 and 593 
Srsf7. Pathway analysis of this dataset also identified genes involved in synaptic function 594 
(e.g. Syngap1, Camk2b, Cacna1a, Cacna1d, Gria4) and mRNA processing (e.g. Celf1, Cstf2, 595 
Pcbp2, Hnrnpk, Hnrnph1, Hnrnpa2b1, alongside with several genes encoding serine and 596 
arginine splicing factors) (Fig. 7d). Multiple genes from this list are linked to neurological 597 
conditions. Calcium channel subunits Cacna1d and Cacna1a are associated with autism 598 
spectrum disorders56 and with familial hemiplegic migraine and episodic ataxia57, 58, 599 
respectively. Variants in the Gria4 gene are linked to schizophrenia and intellectual disability 600 
59-61. Consistent with recently reported dysregulation of NEAT1 in epilepsy13, 45, 62, the second 601 
enriched pathway in our analysis was “Rett syndrome causing genes” which contained 9 602 
genes implicated in epilepsy, such as Gabrd, Gnao1, Stxbp1 and Scn8a.  603 
Overall, we showed that loss of Neat1 perturbs alternative splicing in the brain, with the most 604 
significant effect on the genes related to synaptic function and RNA metabolism and 605 
implicated in neurological diseases. 606 
 607 
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Discussion 608 
LncRNAs play an important role in fine-tuning the functions specific for different cell types, 609 
and their activity might be especially important in the adult nervous system. Indeed, lncRNAs 610 
have been reported to regulate critical processes in the developing and adult brain, including 611 
cell differentiation, neurite elaboration and synaptogenesis63, 64. NEAT1 is an abundant 612 
lncRNA known to be expressed in the mammalian CNS however its role in the CNS under 613 
basal conditions and under conditions of physiological stress remained largely unknown. 614 
In the current study we performed a detailed behavioural characterisation of a mouse line 615 
with residual Neat1 expression, which revealed a distinct phenotype whose core feature is the 616 
exaggerated response to physiological stress. Under stressful conditions, these mice adopt an 617 
active coping strategy (“fight-or-flight” response), instead of passive coping strategy or 618 
freezing typical for wild-type mice. In addition, Neat1-/- mice were found to have deficiencies 619 
in social interaction – encounter with unfamiliar animal or its odour, i.e. acute social stress. 620 
Furthermore, these mice also present with abnormal rhythmic fluctuations of daily activity, 621 
which is in line with the recently reported role for Neat1 in the control of circadian genes65. 622 
Behavioural features detected in these mice, i.e. hyperactivity, reckless behaviours, 623 
disinhibition, impulsivity, are commonly found in psychiatric disorders, including dementia, 624 
bipolar disorder, schizophrenia, and attention deficit hyperactivity disorder (ADHD)66-68. 625 
Consistently, altered NEAT1 expression is a common theme in multiple neurological 626 
conditions including dementia69, Alzheimer’s disease70, Huntington’s disease71, 627 
schizophrenia72, 73 and epilepsy13, 62. Therefore, abnormal NEAT1 expression and/or 628 
regulation might underlie at least some of the symptoms and phenotypes in common 629 
neurological diseases. 630 
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We cannot completely exclude possible influence of decreased Neat1 expression in other 631 
organs and tissues, e.g. thyroid and gonads, on the behaviour phenotype observed in Neat1-/- 632 
mice. However, we believe that this phenotype is of primarily neurological origin for three 633 
main reasons: i) good general health of Neat1-/- mice, even during aging; ii) absence of 634 
differences between males and females in test performance suggestive of low/absent 635 
hormonal dependence; iii) high specificity of stimulation that triggers abnormal behaviour. 636 
Our study also reports detailed analysis of Neat1 expression and distribution in the 637 
mammalian CNS regions using in situ hybridisation. We found that in the murine CNS (adult 638 
brain and spinal cord), Neat1 is expressed in multiple cell types with higher levels in glial 639 
cells. An earlier transcriptomic analysis of purified cell types also reported higher Neat1 640 
levels in glial cells – astrocytes and microglial cells74. In another study, Neat1 was also 641 
reported to be highly expressed in oligodendrocytes72. It should be noted that although 642 
chromogenic detection-based RNAscope® ISH does not allow co-localisation analysis, it is 643 
an extremely sensitive method permitting detection of individual clusters of molecules (e.g. 644 
individual Neat1 dots in neurons) in histological samples. The latter was not possible using 645 
fluorescent Neat1 ISH due to high level of tissue autofluorescence (unpublished 646 
observations). 647 
The longer isoform of Neat1, Neat1_2, is the main structural component of paraspeckles3. 648 
However, Neat1_2 expression is restricted to certain organs/tissues, such as the gut, and was 649 
not detected in the CNS14. Using RNA-Seq, we also show that Neat1_2 expression is barely 650 
detectable in the brain under basal conditions. However, a previous study demonstrated 651 
accumulation of Neat1_2 in the murine hippocampus after seizures with a peak at the 8 h 652 
time-point and still detectable after 24 h45, suggesting that the isoform switch can take place 653 
in neurons under certain (stressful) conditions. Our data from human cultured neurons also 654 
indicated that Neat1_2 expression is a late event during stress/recovery from stress. This 655 
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result is consistent with the in vivo data45 and indicates that neurons, which do not express 656 
NEAT1_2 under basal conditions, require some time to initiate its expression (as compared to 657 
cells already expressing this isoform, e.g. stable cell lines5). However, in all our behaviour 658 
paradigms, the testing schedule had a very short timeline and was therefore unlikely to be 659 
affected by the lack of acute Neat1_2 synthesis in Neat1-/- mice. Thus we believe that the 660 
behavioural phenotype of Neat1-/- mice can be ascribed, with confidence, to the changes 661 
caused by the loss of the expression of the constitutive neuronal Neat1 isoform, Neat1_1.  662 
Although NEAT1 has been heavily implicated in the function of the immune system and in 663 
inflammatory response7, 41, 42, we show that its loss in mice does not result in a 664 
neuroinflammatory phenotype. This result is consistent with the role for NEAT1 as a stress-665 
responsive transcript which would mediate/facilitate a response to an external trigger 666 
(pathogen) but likely does not have housekeeping immune functions. 667 
It has long been known that deficits in the inhibitory GABAergic neurotransmission lead to 668 
behavioural changes in mice characterised by hyperactivity, panic attacks, impulsivity and 669 
generalisation of fear. Therefore, it was possible that the hyperactive phenotype detected in 670 
Neat1-/- mice is caused by attenuated GABA system function. However, in RNA-Seq 671 
analysis, we found that only one member of GABA type A receptor complex Gabrr2 is 672 
downregulated and another one, Gabrd, is differently spliced in the cortex of Neat1-/- mice. 673 
Immunohistochemistry and western blot analysis also did not reveal any detectable changes 674 
in the populations of GABAergic neurons throughout the brain of Neat1-/- mice. While it 675 
cannot be excluded that subtle changes in the GABAergic neurotransmission are still present 676 
in Neat1-/- mice, we concluded that it is not the main driver of the observed behaviour 677 
changes. Another possibility was that neurons derived from Neat1-/- mice are intrinsically 678 
hyperexcitable, which was indeed the case and in line with previous data obtained in human 679 
neurons with acutely downregulated NEAT113. Augmented neuronal activity upon depletion 680 
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of NEAT1 was previously determined indirectly, using calcium measurements. In our study, 681 
we used the gold standard method for this type of studies – whole-cell patch clamp recording 682 
in cultured neurons – which allowed to unambiguously establish the enhanced activity of 683 
Neat1-/- neurons. Comparison of the electric properties showed that increased excitability of 684 
Neat1-/- neurons was likely due to the upregulated voltage-gated Na+ influx, which 685 
determines the kinetics of the action potential and frequency of firing. Two-fold enlargement 686 
of voltage range availability for Na+ current in Neat1-/- neurons presumably allows greater 687 
number of these neurons to generate spontaneous and induced action potentials, whereas a 688 
trend for enhanced K+ conductance Neat1-/- neurons could be crucial for faster repolarisation 689 
and therefore shortening of the absolute refractory period. Finally, we were able to 690 
demonstrate the relevant consequence of enhanced neuronal excitability – increased stress-691 
induced cFos expression – in live mice. Our in vivo cFos data are consistent with a recent 692 
finding that Neat1 inhibits the expression of cFos in cultured neurons12. Notably, basal cFos 693 
expression was not changed in the brain of Neat1-/- mice in our RNA-Seq analysis, therefore 694 
cFos regulation by Neat1 mainly occurs upon stimulation, at least in vivo.  695 
In an attempt to delineate molecular (gene expression) changes which underlie the 696 
hyperexcitability phenotype in Neat1-/- neurons, we analysed differential gene expression and 697 
changes in the alternative splicing in the cortex of Neat1-/- mice. DEG analysis revealed only 698 
a small number of significantly changed genes, and prominent changes were found in the 699 
expression of genes located in the vicinity of Neat1 such as Frmnd8, Cd6 and Malat1, similar 700 
to a previous study72. This result is in agreement with the emerging role for lncRNAs as 701 
important regulators of gene expression in cis. Indeed, a large proportion of lncRNAs with a 702 
known function are now classed as cis-acting lncRNAs, including NEAT1 and MALAT175.  703 
Importantly, the distances covered by such RNAs can vary significantly75, consistent with the 704 
fact that some genes affected by Neat1 loss of expression, albeit on the same chromosome as 705 
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Neat1 locus, are not located in the vicinity of the locus. We cannot completely exclude the 706 
possibility that the targeting strategy used to disrupt the Neat1 locus in this mouse model 707 
affected the genomic environment, however the cis-regulatory function of Neat1 probably 708 
still plays a significant role in the regulation of DEGs identified in our analysis.  709 
Unexpectedly, we found that the majority of DEGs (~90%) in Neat1-/- mice were 710 
downregulated, and this finding was further reproduced in an independent mouse cohort. 711 
Both NEAT1 and MALAT1 have been reported to be localised to numerous genomic sites 712 
and bind active genes76. Thus Neat1 likely contributes to positive regulation of gene 713 
expression, explaining why its loss results in attenuated transcription of multiple targets. It is 714 
conceivable that moderate Malat1 downregulation found in Neat1-/- mice synergises with 715 
Neat1 loss to mediate this phenotype. In future studies, it will be important to characterise 716 
possible neurological changes in Malat1 knockout mice at the behavioral and molecular 717 
levels. 718 
Alternative splicing occurs at high frequency in the CNS and is crucial for normal 719 
functioning of the brain77. Indeed, global changes in alternative splicing pattern have been 720 
identified in the brain of patients with psychiatric diseases such as schizophrenia78. In our 721 
RNA-Seq dataset, we also detected a number of genes differentially spliced in the cortex of 722 
Neat1-/- mice. Functionally, these genes can be subdivided into groups related to synaptic 723 
functions, mRNA processing and cancer. Even though we did not detect major synaptic 724 
abnormalities in Neat1-/- mice, it is plausible that these alternative splicing changes translate 725 
into functional changes in the synapse and contribute to the observed behavioural phenotype. 726 
It is important to note that, although alternative splicing changes at the level of individual 727 
genes were subtle in these mice, small changes in multiple genes belonging to the same 728 
pathways likely resulted in a measurable phenotype. The role of lncRNAs in neural plasticity 729 
is emerging, the latter being crucial for stress-coping mechanisms and behavioural 730 
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adaptation. For example, in response to repeated social defeat stress, hundreds of lncRNAs 731 
change their expression in the prefrontal cortex in mice, and these lncRNAs are involved in 732 
the regulation of synaptic function79. NEAT1 interacts with multiple RNA-binding proteins80 733 
many of which are autoregulated, including via alternative splicing81. Therefore, Neat1 loss 734 
can also lead to dysregulation of large RNA-binding protein networks. Finally, the 735 
pathophysiological connection between Neat1 isoform expression and tumorigenesis is well-736 
established, and our data suggest that at least some of the cancer-related network changes 737 
caused by altered Neat1 expression may be attributed to abnormal alternative splicing 738 
regulation82. Further studies are needed to determine whether the effects of Neat1 loss on 739 
gene expression and alternative splicing are specific for the CNS tissue. 740 
Unlike CNS-specific lncRNAs, Neat1 is expressed in a variety of tissues. Presumably, such 741 
lncRNAs play a universal regulatory role, while the specificity arises from the repertoire of 742 
cell type-depended targets and environmental cues. It can be concluded that although Neat1 is 743 
not essential for basic brain functions, its availability becomes important in the presence of 744 
biologically significant stress stimuli. Overall, Neat1 plays a fine-tuning regulatory role in the 745 
nervous system and participates in the processes responsible for environmentally appropriate 746 
behaviour. 747 
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Figure legends 1028 
Fig. 1. Neat1 is expressed in all cell types in the murine CNS.  1029 
a,b Neat1 is expressed at high levels in non-neuronal cells and low levels in neurons in the 1030 
murine brain. Neat1 in situ hybridisation (RNAScope® ISH, with 5’ fragment Neat1 probe) 1031 
on sagittal brain sections of Neat1+/+ (a) and Neat1-/- (b) mice. Note low or absent Neat1 1032 
signal in all brain structures of Neat1-/- mice except the cerebellum (b). The bottom panels 1033 
show insets from the top panels at higher magnification: 1 – granular layer of the 1034 
hippocampus (dentate gyrus); 2 – corpus callosum; 3 – Purkinje cells and granular layer of 1035 
the cerebellum. Arrowheads indicate cells expressing high levels of Neat1 with characteristic 1036 
perinuclear (cytoplasmic) reactivity (presumably, ISH artefact). c Neat1 ISH in the Neat1+/+ 1037 
mouse spinal cord. Nuclei of motor neurons are circled. d Neat1 ISH with Nissl counterstain 1038 
in the brain and spinal cord sections of a Neat1+/+ mouse; arrowheads indicate satellite cells. 1039 
Scale bars: a, b – 200 µm (main) and 20 µm (insets); c – 100 µm; d – 35 µm. 1040 
 1041 
Figure 2. Behavioural alterations in Neat1-/- mice. 1042 
a Decreased body weight in Neat1-/- mice (Mann-Whitney U test, effect size = 1.10; Neat1-/- 1043 
n=8, Neat1+/+ n=10). b-f Increased number of entries (b) and time spent in the open arms (c) 1044 
as well as increased number of head dips (d) and stretch-attend postures (e) for Neat1-/- mice 1045 
in elevated plus maze (EPM) (Mann-Whitney U test, effect size = 1.13, 1.54, 1.26, 1.42 1046 
respectively; Neat1-/- n=11, Neat1+/+ n=9). Total number of arm entries was equal for the two 1047 
genotypes (f). g, h Reduced locomotor activity of Neat1-/- mice in the Home Cage test (dim 1048 
light conditions). Number of breaks per hour (g) and total number of breaks over the 30-h 1049 
period (h) are shown (two-way ANOVA with Sidak's multiple comparisons test in (G), 1050 
****p< 0.0001, *p< 0.05, main effect of group F (1, 522) = 38.90, effect size = 3.03; Mann-1051 
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Whitney U test in (h), effect size = 1.32; Neat1-/- n=10, Neat1+/+ n=9). i Elevated locomotor 1052 
activity of Neat1-/- mice under bright light conditions (activity chamber) (two-way ANOVA 1053 
with Uncorrected Fisher's LSD test, *p<0.05, **p< 0.01, main effect of group F (1, 261) = 1054 
26.58, effect size = 2.44; Neat1-/- n=11, Neat1+/+ n=9). j Lack of working memory deficits in 1055 
Neat1-/- mice. Intact short-term memory in Neat1-/- mice in the Y-maze test as indicated by 1056 
the same percent of entries to novel arm (k), as compared to Neat1+/+ mice (Mann-Whitney 1057 
U test; Neat1-/- n=6, Neat1+/+ n=6). k,l Decreased social interaction and aggression in Neat1-/- 1058 
mice in the Resident-Intruder test as revealed by lack of attacks (k) and decreased time spent 1059 
interacting with the intruder (l) (Mann-Whitney U test, effect size = 2.75 for both variable;  1060 
Neat1-/- n=6, Neat1+/+ n=4). m Decreased social interest in Neat1-/- mice revealed in the 1061 
Social Odour test (Mann-Whitney U test, effect size = 1.82; Neat1-/- n=5, Neat1+/+ n=6). 1062 
 1063 
Figure 3. Loss of Neat1 does not induce neuronal loss, neuroinflammation or overt 1064 
synaptic pathology.  1065 
a Lack of gross changes in the anatomical structures of the brain in Neat1-/- mice as revealed 1066 
by anti-NeuN staining. Representative images for the frontal cortex and hippocampus of 2-1067 
month old animals are shown. b,c Normal neuronal counts in the cortex of Neat1-/- mice. 1068 
Representative images of Nissl-stained sections (b) and quantification (c) for 2-month old 1069 
animals are shown (Neat1-/- n=4, Neat1+/+ n=4). ROI, region of interest. (d) Reduced brain 1070 
weight in Neat1-/- mice (Mann-Whitney U test, effect size = 2.15; Neat1-/- n=7, Neat1+/+ 1071 
n=6). e,f Lack of neuroinflammation in the brain of Neat1-/- mice. Distribution (e) and levels 1072 
(f) of GFAP (astroglial marker) and Iba1 (microglial marker) were analysed in the cortex of 1073 
Neat1-/- and Neat1+/+ mice using immunohistochemistry and western blotting, respectively. 1074 
g,h Lack of obvious synaptic pathology in the brain of Neat1-/- mice. Distribution (g) and 1075 
levels (h) of two main synaptic markers synaptophysin and PSD-95 were examined in the 1076 
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cortex of Neat1-/- and Neat1+/+ mice using immunohistochemistry and western blotting, 1077 
respectively. In e and g, representative images are shown. In f and h, graphs show levels of 1078 
proteins detected by western blot quantified by densitometry. Scale bars, 100 µm. 1079 
 1080 
Figure 4. Neat1-/- neurons are intrinsically hyperexcitable.  1081 
a Primary hippocampal neurons isolated from Neat1-/- and Neat1+/+ newborn mice do not 1082 
display differences in cell morphology and neurite branching. Traces (left) and branching 1083 
analysis (right) for DIV7 neurons are shown (Neat1-/- n=12, Neat1+/+ n=12). Neurons were 1084 
transiently transfected to express GFP and analysed 24 h post-transfection. b,c All Neat1-/- 1085 
neurons generate trains of induced action potentials (iAPs). The proportion of neurons able to 1086 
generate three patterns of induced activity (single action potential, attempted trains of action 1087 
potentials or trains of action potentials) is shown (Neat1-/- n=4, Neat1+/+ n=7) (b). Exemplar 1088 
traces of current-clamp recordings when Neat1+/+ (upper panel) and Neat1-/- (lower panel) 1089 
neurons were held at between −70 and −80 mV and a following 1-s step of injected currents 1090 
to the value that produced maximal trains of iAPs are also shown (c). d Representative spike 1091 
frequency plots for Neat1+/+ (open circles) and Neat1-/- (filled squares) neurons exhibiting 1092 
trains of iAPs. e KCl-induced Ca2+ response in Neat1-/- and Neat1+/+ neurons (two-way 1093 
ANOVA with Fisher's LSD test, **p< 0.01, main effect of group F (1, 1440) = 255.0, effect 1094 
size = 4.82, **p<0.01; Neat1-/- n=27, Neat1+/+ n=20). Inset shows the difference in the basal 1095 
Ca2+ levels between the phenotypes. f,g Increased number of cFos-positive neurons in the 1096 
cortex of Neat1-/- mice after the restraint stress (immobilisation). Representative images (f) 1097 
and quantification (g) are shown (Mann-Whitney U test, effect size = 2.25; Neat1-/- n=3, 1098 
Neat1+/+ n=3; 9 ROIs per group). ROI, region of interest. Scale bar, 100 µm. 1099 
 1100 
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Figure 5. Stress-induced NEAT1_2 induction in neurons is a late event during stress. 1101 
a De novo synthesis of NEAT1_2 in human ES cell derived neurons occurs late during the 1102 
recovery from oxidative stress. Day 36 neurons were treated with 0.5 mM NaAsO2 for 1 h 1103 
and left to recover for the indicated periods of time; or treated with 0.05 mM NaAsO2 (“low” 1104 
concentration) for 24 h; or treated with 10 µM MG132 for 6 h, and analysed by NEAT1_2 1105 
RNA-FISH. Bottom panel shows neurite network integrity at different stages of recovery 1106 
(detected using anti-neurofilament H, NFH antibody). Representative images are shown. 1107 
Scale bars, 20 µm (top panels) and 50 µm (bottom panel). b Upregulated total NEAT1 and 1108 
NEAT1_2 expression during the recovery from oxidative stress as detected by qRT-PCR. 1109 
Neurons were treated with 0.5 mM NaAsO2 for 1 h and left to recover for 6 h (Mann-1110 
Whitney U test, *p<0.05, **p<0.01, n=8). 1111 
 1112 
Figure 6. Loss of Neat1 results in subtle downregulation of multiple genes and 1113 
significant expression changes of a small number of genes in the vicinity of the Neat1 1114 
locus. 1115 
a-c Significant downregulation of Neat1 isoforms in the cortex of Neat1-/- mice as revealed 1116 
by qRT-PCR (a) and RNA-Seq (b,c). (Mann-Whitney U test, **p<0.01; Neat1-/- n=4, 1117 
Neat1+/+ n=4). RNA-Seq peaks for the Neat1 locus demonstrate preferential expression of 1118 
Neat1_1 in Neat1+/+ mice and residual Neat1_1 expression in Neat1-/- mice (c). d,e Subtle 1119 
downregulation of multiple genes in the cortex of Neat1-/- mice. Volcano plot for Neat1-/- vs. 1120 
Neat1+/+ mice is shown; genes with log2 fold change (log2FC)>1.5 and p-value<0.01 are 1121 
highlighted in green (d). The proportion of up- and down-regulated genes is also shown (e, 1122 
gene numbers are given in brackets). f List of annotated genes differentially expressed 1123 
(padj<0.05) in both 1-month old and 2-month old Neat1-/- mice. Gene names were retrieved 1124 
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by mapping Ensembl gene IDs identified in DESeq2 analysis to the mouse genome using 1125 
DAVID 6.8 database. Chromosomal location as well as direction of change are also given. g 1126 
LncRNA Malat1 expressed from a locus adjacent to Neat1 is downregulated in the cortex of 1127 
Neat1-/- mice as revealed by qRT-PCR and RNA-Seq (Mann-Whitney U test, *p<0.05; Neat1-1128 
/- n=4, Neat1+/+ n=4). h-j Upregulated expression of Rfk gene in the brain of Neat1-/- mice as 1129 
demonstrated by qRT-PCR (h), western blotting (i) and immunohistochemistry (j) (Mann-1130 
Whitney U test, *p<0.05; Neat1-/- n=4, Neat1+/+ n=4). In j, representative images of cortex 1131 
are shown. Scale bar, 100 µm. 1132 
 1133 
Figure 7. Loss of Neat1 causes changes in the alternative splicing of genes involved in 1134 
synaptic function and RNA processing. 1135 
a List of genes differentially spliced in the cortex of Neat1-/- mice. Functional association and 1136 
role in disease for these genes are also given. N, number of introns in a cluster; FDR, false 1137 
discovery rate; “annotated”, all introns in the intron cluster are annotated in GENCODE 1138 
release M20; “cryptic”, at least one intron in the intron cluster is not annotated in GENCODE 1139 
release M20. b Splicing diagrams showing differential intronic usage in two intron clusters of 1140 
N4bp2l2 and Rgs7 genes in Neat1+/+ and Neat1-/- mice. Intron usage is indicated by Percent 1141 
Spliced In (PSI). Table on the right lists changes in PSI (ΔPSI). c,d Enrichment analysis of 1142 
differentially spliced genes as analysed using Enrichr. GO term Biological Process (c) and 1143 
Wiki Pathways (d), alongside with their functional association and role in disease are shown. 1144 
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